The Gene Expression Database (GXD) is a community resource that stores and integrates expression information for the laboratory mouse, with a particular emphasis on mouse development, and makes these data freely available in formats appropriate for comprehensive analysis. GXD is implemented as a relational database and integrated with the Mouse Genome Database (MGD) to enable global analysis of genotype, expression and phenotype information.
INTRODUCTION
Knowledge of gene expression patterns is crucial for understanding the function of genes and the molecular mechanisms that underlie normal development and disease. Gene expression analysis has therefore become a major focus of biomedical research. The mouse serves as a pivotal animal model in these studies, because it is closely related to the human and because tissues from many different mouse strains and mutants are readily available for detailed expression analysis.
To cope with the large volumes and the complexity of gene expression data for the laboratory mouse we developed the Gene Expression Database GXD (1, 2) . GXD is designed as an open-ended system that can integrate many different types of expression data. Thus, as data accumulate, GXD can provide increasingly complete information about what transcripts and proteins are produced by what genes; where, when and in what amounts these gene products are expressed; and how their expression is affected in different mouse strains and mutants. Expression patterns are described by using a comprehensive dictionary of anatomical terms, and the records are directly connected to digitized images of original expression data. The parts of the dictionary covering embryonic development were developed and are being completed by our colleagues in Edinburgh, UK (3) with whom we are collaborating on building the more comprehensive Mouse Gene Expression Information Resource. This resource will eventually provide integrated access to GXD, an anatomy database, and a 3D atlas/graphical gene expression database for mouse development that will enable 3D graphical storage, display and analysis of in situ expression patterns (1, 3, 4) .
GXD addresses many issues that apply to gene expression information and to gene expression databases in general. Here, we illustrate the design and implementation of GXD, and describe the data sets and query capabilities that are currently available.
DESIGN AND IMPLEMENTATION OF GXD
Different types of expression assays reveal different but complementary gene expression information. cDNA clones and ESTs provide sequence information for transcripts, and expression information based on, but limited to, tissue derivation. Highthroughput expression methods, such as the analysis of cDNA arrays with complex probes hold the promise of providing large amounts of quantitative dot-blot type expression data (5-7).
Northern and western blot analyses reveal the number and sizes of transcripts and proteins. Methods such as RNAse protection and RT-PCR can detect small quantities of and small structural differences in transcripts. RNA in situ hybridization and immunohistochemistry furnish the most detailed spatial expression information with a resolution at the cellular level. Only by combining different expression analysis methods can we determine what all the different gene products of a given gene are, and when and where they are expressed.
Accordingly, GXD is designed to integrate different types of expression data. How this is achieved is illustrated in Figure 1 . The concept is to store primary expression data rather than processed gene expression information. 'Elemental' expression results such as the time and tissue of expression, the genetic origin of the sample, the number and sizes of detected bands, and sequence information are described together with the molecular probe, the expression assay type, and the experimental conditions used (Figs 4 and 5) . The important advantage of this format is that new data and new assay types can be added readily, and novel insights resulting from new data can be represented. At any time, a user can find out which assays and probes have been used to GXD is implemented in the Sybase relational database system. It is integrated with the Mouse Genome Database (Blake et al., this issue) and provides links to many other resources so that the expression data can be analyzed in the broader biological context. In the following, we give a brief account of the most important contents and fields of the database, and their significance for database queries.
The probe used to measure gene expression is described in detail, because it constitutes the molecular window for the assay. If the information is available, nucleotide probes or the primary antigens against which an antibody was generated are described at the sequence level by cross-reference to sequence databases using accession numbers and standard location descriptors. Those annotations enable integration with and searches of the rapidly accumulating information contained in sequence databases (8) (9) (10) (11) (12) .
'Gene symbol' and 'Gene name' of the gene whose expression is analyzed (not shown in Fig. 1 ) are of central importance. They connect all data for a given gene in GXD and MGD, such as expression data, map location, phenotype/disease description, and information about homologous genes in other species.
Time and space of gene expression is described by using an extensive Dictionary of Anatomical Terms; and digitized images of original expression data are directly connected with these records so that the primary expression data become accessible to global searches. The anatomical dictionary names the tissues and structures for each developmental stage. The terms are organized hierarchically, from body region or system to tissue to tissue substructure (3). This model enables an integrated description of expression patterns for various assays with differing spatial resolution, computational analysis of expression patterns at different levels of detail, and continuous extensions of the anatomical hierarchy itself. The anatomy system can and will also be used for the standardized description of other phenomena that relate to anatomy such as mutant phenotype and disease descriptions (see e.g., Blake et al., and Bult et al., this issue), and thus enable an integrated analysis of these data sets.
Expression levels for the assay types currently captured by GXD are described qualitatively as 'Absent' or 'Present' with additional subjective qualifiers for 'Present' such as 'Trace', 'Weak', 'Moderate' and 'Strong' when provided by the authors. 'Absent' means expression was analyzed but not detected. It is important to note that GXD stores 'negative expression data' and allows searches for this information.
Information about the 'Mouse Strain' and the 'Genotype' of the animal in which expression was studied enables a comparative analysis of expression patterns in wild type and mutant animals, and in different genetic backgrounds. This will facilitate the dissection of molecular networks and the analysis of modifiers and complex traits.
GXD DATA AND QUERY INTERFACES
During the last few years we have developed GXD from initial prototypes to a robust resource that can be used by the community at large. Data are now being entered on a daily basis, and are accessible to relational queries via HTML based query forms. Query results are returned as summaries that can be sorted in different ways. They link to individual expression entries that, in turn, have comprehensive pointers to related information in GXD, MGD, and other relevant databases such as sequence databases and Medline. Many links (and all links between GXD and MGD) are bi-directional, providing researchers with multiple entry points into the integrated data sets. The following expression data and query forms are currently available:
The GXD Index
The GXD Index is a search tool for locating expression information in the literature. While GXD was under development, we identified all newly published articles documenting data on endogenous gene expression during mouse development. As of 29 August 1998, 37 365 articles have been surveyed and 3663 have been identified as having relevant expression information. All these articles have been indexed with respect to Authors, Journals, Gene(s), and Embryonic Age(s) analyzed and Expression Assays used. The Index currently contains 9881 entries covering expression information for 2565 genes. The index data are updated daily and are searchable via the GXD Index query form (http://www.informatics.jax.org/gxdindex.html , Fig. 2 ).
Mouse cDNA data
GXD and MGD collect cDNA data because they constitute expression information in and of themselves, and serve as molecular probes in further expression studies and in gene mapping experiments. We continue to acquire such data from the literature. However, the majority of mouse cDNA data is now obtained from the I.M.A.G.E. consortium (13) and the WashU/ HHMI projects via incremental bulk data downloads. At present, the database includes data for over 300 000 I.M.A.G.E. mouse cDNA clones and their corresponding ESTs. GXD provides access to mouse cDNA information via the 'cDNA clone and EST expression query form' (http://www.informatics.jax.org/ estclone.html ). This query form is optimized for interrogating expression information deduced from the tissue or cell line from which cDNAs were derived, and enables queries such as 'From which tissues or cell lines have cDNAs for a specified gene been isolated?', 'What genes are, according to cDNA source information, Figure 2 . Querying the gene expression literature. The GXD Index query form enables queries such as: List all the publications that contain expression information for specific genes/days of mouse development/assay types, or for any combination of these parameters. Queries can include searches for bibliographic information (Authors, Journal, Year), and one can search for publications that contain specific words in the title or abstract. The query formulated above asks for publications that report RNA in situ hybridization studies on sections for Pax genes AND contain the word 'kidney' in the abstract. The Query Results Summary form lists GXD entries matching these criteria. The Query Results Detail form displays the full information of a specific GXD index entry, and provides links to additional information on the respective reference and gene. expressed in brain at specified developmental stages?' or 'For what genes on a specified chromosome have cDNAs been isolated from a particular tissue?'. Queries can be limited to cDNA clones or ESTs only. One can search for in vivo or in vitro expression data (tissue or cell culture origin) or both. In addition to 'type in fields', the query form provides selection lists for the tissues and cell lines from which the I.M.A.G.E. consortium and WashU/HHMI libraries have been generated. This design reflects the fact that the vast majority of cDNA information in our database comes from these two efforts.
The Gene Expression Data query form
The Gene Expression Data query form (http://www.informatics. jax.org/expression.html , Fig. 3 ) provides access to all other types of expression data that are currently being captured by GXD, i.e., RNA in situ hybridization and immunohistochemistry data, northern and western blot data and RT-PCR data. It enables questions such as 'In what anatomical structures and/or at what developmental stages are specified genes expressed/not expressed?' and 'What genes are expressed in/not expressed in specified tissues and/or during specified developmental stages?'.
Spatial queries can take advantage of the hierarchical structure of the anatomical dictionary by including anatomical substructures or superstructures in the search. A search for 'expression in brain' can return all entries that report on expression in brain or in any substructure of the brain. A search for 'absence of expression in diencephalon' can return entries recording lack of expression in forebrain, implying lack of expression in diencephalon. Queries can include filters for specific assays. One can, for example, ask for all northern and western blot data that report expression or absence of expression of a specified gene in liver. In this way, one could look for evidence of posttranscriptional regulation. Or one might find that two protein products but only one transcript are detected in the kidney. This finding could be evidence for differential translation or for posttranslational modifications. The query form also allows one to correlate gene expression data with chromosomal location. One can, for example, ask 'What genes located within a specified distance from the muscular dystrophy with myositis mutation mdm are expressed in muscle?'. This type of query should be very helpful for the identification of candidate genes in positional cloning studies. Query results are returned as summaries that point to the individual entries. Examples are shown in Figures 3, 4 and 5. It should be noted that, at present, the queries might return less data than expected. This is simply because we began entering detailed expression data into the database only recently. GXD 1.0 was launched in July 1998 with one large RT-PCR data set in which the expression of 517 genes had been analyzed in 46 tissues (electronically submitted by T.C.Freeman et al., The Sanger Centre, UK; http://www.informatics. jax.org , accession id MGI:1199209 ). GXD editorial staff are now entering expression data from the literature on a daily basis. As data accumulate, users will get increasingly more utility from the functionality provided by the Gene Expression Data query form.
WORK IN PROGRESS-FUTURE DIRECTIONS
We will continue to annotate expression data from the literature but it is our goal to make direct electronic submission from research laboratories the primary mode of data acquisition for GXD. We have already built an electronic data submission system that enables laboratories to describe their data, including images, in a much more comprehensive and standardized way than is possible in journal publications, and to send the data to GXD in electronic form (2) . Prototypes of this system, referred to as the 'Gene Expression Annotator', have been made available to a number of test laboratories in North America and Europe with the aim of producing a robust data submission tool for the community at large. Once the system is in place, we will provide accession numbers for each submitted entry that can be cited in journal publications in a manner similar to sequence data. Database entries can complement the publication with more comprehensive primary expression data that, importantly, will be accessible to global searches.
Submitted data will be subject to several levels of review. The first level will consist of electronic checks to ensure that information in the submission is consistent with existing data in the database. Examples include associations between genes, probes and sequence accession numbers or correct nomenclature for genes, mutant alleles and mouse strain names. The second On the left is a sample of query result details for RNA in situ hybridization data. Each entry lists the bibliographic reference, the gene whose expression was analyzed, and the molecular probe used and provides links to the respective records. The first table (from the top) gives descriptions for all the specimens used, additional ones display the detailed results obtained for each specimen. A sample result set is shown for specimen 1. Level of expression is provided if given by the author. A hypertext link to the raw image data is provided, when those data are available in the database. On the right is a sample image of the in situ hybridization data that corresponds to specimen 1. level will be editorial review. Database editors holding an M.Sc. or Ph.D. in biological sciences with specialization in pertinent areas will examine submissions for areas that do not make scientific sense. Contradictions and inconsistencies will be resolved by correspondence with the submitter. In the longer term we plan, in collaboration with journals, to establish peer review as a third level of quality control. In this scenario, electronically submitted data cited in manuscripts would become part of the manuscript review process. It is expected that different laboratories may obtain conflicting expression results due to the use of different experimental conditions. GXD will store these results, as such, together with the experimental conditions. All entries will be referenced to the author and, if available, to the journal publication. Very importantly, and as already mentioned above, GXD entries include digitized images of the original expression data or pointers to the primary data if they are not stored in GXD. Thus, users can judge the quality of expression data and database annotations themselves.
GXD will be expanded to accommodate new types of expression data. Of immediate relevance are data derived from high-throughput expression methods such as the analysis of high density cDNA or oligonucleotide arrays with complex cDNA probes (5-7). We are working with laboratories employing these methods to define data formats and contents appropriate for a community database, and will develop the submission tools necessary for including these data in GXD.
Another important area will be the development of more sophisticated query interfaces. We will develop query forms with additional query options, those that are based on data already captured by GXD, e.g., mouse strain and mutant information, and those based on additional biological descriptors that will be added to the database. In an ongoing collaboration with SWISS-PROT (12), we are establishing curated cross-references between 'Genes' in GXD and MGD and protein entries in SWISS-PROT. These links will give access to biochemical and structural classification schemes that will help users to sort through the large volumes of expression data, and they will provide additional important benefits to the community such as standardized gene nomenclature for mouse protein and nucleotide sequence entries in sequence databases, and increased interconnectivity with many additional resources.
Perhaps the most exciting future development will be the integration of GXD with the 3D graphical Anatomy Atlas/Gene Expression Database being developed by our Edinburgh Figure 5 . Expression record for gel-type expression data. On the left a sample of query result details for RT-PCR experiments. As for in situ data (Fig. 4) , hypertext links to the reference, gene and probe information are provided. Data reports are organized by lane, with result and sample information provided in a single row of the results table. An additional feature of gel assays is the information about the size of the gene product (or products) which are detected, given as band size. Again, level of expression is presented if given by the author. A hypertext link to the raw image data is provided, when those data are available. On the right is the image of the RT-PCR data that corresponds to the experiment.
collaborators (4, 14) . The 3D atlas of mouse development will provide a standard spatial framework to store, display and analyze in situ expression data and anatomy data in their true dimensions. GXD will contribute to each entry in the 3D graphical database the supporting textual data and interconnect the spatially mapped data with all the other data contained in the GXD and MGD. The integrated Mouse Gene Expression Information Resource will combine the power of text-based and image-based analysis methods and thus provide researchers with a completely new approach for understanding the molecular basis of development and disease.
ADDRESSES AND USER SUPPORT
GXD can be accessed at The Jackson Laboratory through the Mouse Genome Informatics (MGI) Web site at http://www.informatics. jax.org which provides integrated access to GXD and MGD data, or directly at http://www.informatics.jax.org/exptools.html . Additional information about GXD and the Gene Expression Information Resource can be found at http://www.informatics.jax.org/doc/ gxdgen.html
